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Measurement of oxygen atom density employing vacuum ultraviolet
absorption spectroscopy with microdischarge hollow cathode lamp
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The compact measurement system for absolute density of oxygen~O! atom has been developed,
which employs a vacuum ultraviolet absorption spectroscopy~VUVAS! technique with a
high-pressure microdischarge hollow cathode lamp~MHCL! as a light source. The influences of
self-absorption, emission line profile of the MHCL, and background absorption of oxygen molecule
(O2) on the determination of absolute O atom density were taken into consideration. This system
has been applied for measuring absolute O atom densities in an inductively coupled O2 plasma. O
atom densities were estimated to be on the order of 131012– 131013cm23 at an input power of 100
W and an O2 pressure ranging from 1.3 to 26.7 Pa. The behavior of O atom density measured using
VUVAS technique was consistent with that obtained by actinometry technique using O emission
intensities of 844.6 nm and 777.4 nm lines. Moreover, the lifetime of O atom in the afterglow
plasma has been measured. The decay curves of the O atom density were fitted with exponential
functions. The extinction process of O atom in the inductively coupled O2 plasma has been
discussed. ©2003 American Institute of Physics.@DOI: 10.1063/1.1582386#
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I. INTRODUCTION

Oxygen-based plasmas have been extensively used
the material processing in oxidation of materials, cham
cleaning, organic polymer etching.1–3 In the case of the for-
mation of ultrathin dielectric films such as a gate oxide fil
the low-temperature oxidation process is highly desirab
compared with the conventional thermal oxidation of silico
For this purpose, the plasma oxidation method is succ
fully employed.4,5 Instead of using the thermal energy, th
plasma oxidation utilizes a highly activated oxygen plasm
which includes a large amount of reactive oxygen~O! atoms
in the ground state, excited O atoms, O ionic species,
vibrationally excited oxygen molecules (O2). From the
viewpoint of developing the oxidation processes used in
next generation, quantitative studies on the behavior o
atoms in the plasma should be dedicated to the clarifica
of the reaction mechanism of O atoms in gas phase as we
on the surface, and thein situ monitoring system of absolut
O atom density in the processing plasmas is strongly
quired. Moreover, measurement of the loss rate of O ato
in afterglow plasma enables us to clarify the reaction mec
nism of O atom. The knowledge of loss kinetics of O ato
is indispensable for clarifying and controlling the surface
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actions of O atoms. The value of the surface loss probab
is much useful for modeling and simulation of plasmas
well.

So far, measurements of O atom density have been
ried out by titration,6 actinometry,7,8 two-photon laser-
induced fluorescence spectroscopy,9–13 and absorption
spectroscopy.14 The titration method is performed in th
downstream rather than in the plasma and thus has errors
to postdischarge recombination. Actinometry is a sim
technique which can give relative density changes in
plasma. Two-photon absorption laser-induced fluoresce
spectroscopy~TALIF ! is an in situ technique, and has exce
lent spatial and temporal resolution compared with the ot
methods. However, the applicable condition is restricted
this method, and these outstanding features are not fulfi
in most cases. The system of TALIF is rather complex a
expensive, and the calibration is necessary for obtaining
absolute density. On the other hand, absorption spectros
is an in situ method and is possibly applied to absolute de
sity measurement for the various kinds of species with ea

Recently, our group has developed a measurement
tem of absolute densities of hydrogen and nitrogen ato
using vacuum ultraviolet absorption spectroscopy~VUVAS!
with microdischarge hollow cathode lamp~MHCL!.15,16The
size of the hollow cathode was as small as 0.1 mm in dia
eter, resulting in a high current density in the cathode, wh
is favorable for attaining high dissociation degree of ga
and obtaining spectral emission. Moreover, since the MH
was compact~803803160 mm!, the system for measuring

il:
3 © 2003 American Institute of Physics
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atom density can be easily installed to the process cham
Therefore, the VUVAS system with MHCL could be applie
to evaluate the behavior of radicals in process
plasmas.17,18

On the other hand, since the energy of photons use
the VUVAS technique is high~10 eV!, it has been reported
that the background absorption due to parent gases and
cies produced by plasmas would occur in the plasmas u
reactive gases such as hydrocarbon and fluorocarbons19,20

The background absorption has a strong influence on
determination of the density of species in the case of
measurements using absorption spectroscopy. In orde
measure the absolute O atom density in reactive plas
with high accuracy, it is important to assess the influence
the background absorption on the absorption by O atom

In this study, we have established a measurement sys
of O atom density using VUVAS technique employing t
MHCL. The influences of self-absorption and emission li
profile of O2 MHCL were evaluated. This system has be
applied to the determination of absolute O atom densitie
an O2 inductively coupled plasma~ICP!. Moreover, the life-
time of O atom in the afterglow plasma has been measu
and the extinction process of O atom has been discusse

II. EXPERIMENT

Figure 1 shows a schematic diagram of ICP reac
equipped with VUVAS system employing MHCL. The IC
chamber was made with stainless steel of 50 cm in diam
and 30 cm in height. A one-turn coil antenna with a diame
of 30 cm was set on the quartz window at the top of
chamber. A radio-frequency~rf! voltage operating at 13.56
MHz was applied to the one-turn coil antenna. The MHC
was used as a vacuum ultraviolet~VUV ! light source for
absorption spectroscopy. Detailed structure of the MH
was described in Ref. 15. The O2 MHCL was operated at a

FIG. 1. Schematic diagram of ICP reactor equipped with VUVAS syst
employing MHCL: ~a! top view and~b! side view.
Downloaded 29 Oct 2006 to 133.6.32.11. Redistribution subject to AIP
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total pressure of 1 atm and a discharge current of 10 mA.2

gas was diluted by helium~He! in the O2 MHCL. The VUV
light from MHCL was made parallel by the MgF2 lens and
introduced into the process chamber. The absorption p
length was restricted to be 12.6 cm by using two stainl
steel pipes and the capillary plate in order to prevent
saturation of absorption. The VUV light passing through t
plasma was focused on the slit of a VUV monochroma
~Acton Research Corp., ARC VM-520! by the MgF2 lens and
detected by a photomultiplier tube. The signal was avera
by a digital oscilloscope and recorded with a personal co
puter.

Figure 2 shows the partial energy level diagram of
atom. The ground state 2p4 3PJ is composed of three sub
levels (J51,2,3). The transition lines of O atom used for th
absorption measurements were 3 s3S0– 2p4 3P2 at 130.217
nm, 3 s3S0– 2p4 3P1 130.487 nm, and 3 s3S0– 2p4 3P0

130.604 nm of O atom as shown in Fig. 2. The inlet s
width of the VUV monochromator was set to 100mm, and
the wavelength resolution was within 0.4 nm. Therefore,
this study, we measured the total absorption intensity
three transition lines (3S0–3P0 ,3S0–3P1 ,3S0–3P2) of O
atoms.

III. RESULTS AND DISCUSSION

A. Background absorption

The broad background absorption profiles due to par
gases and species produced in the plasma are generall
served. Absorptions around 130 nm by parent O2 molecules
without plasma were examined using some emission li
around 130 nm employing MHCL with different gases as
light source. Figure 3 shows the fraction of absorptio
around 130 nm as a function of O2 pressure in process cham
ber without plasma. As the O2 pressure increased, the fra
tion of absorptions around 130 nm increased. This fact in
cated that the O2 molecule absorbed the VUV light aroun
130 nm. The absorptions using the N line at 124.3 nm a
the C line at 132.9 nm were larger than that using the O l
at 130.2 nm, since there are strongly absorbed by
Schumann–Runge system21 at 130–170 nm and by two in
tense maxima at 124.3 and 124.4 nm for the O2 molecule.22

Therefore, these two lines were not adequate to be used
reference of background absorption. The absorptions usin
line at 130.2 nm and H2 broad peak at 128.5 nm showe

FIG. 2. The partial energy level diagram of O atom used this study.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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3455Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Measurement of oxygen atom density
similar behavior in the pressure range from 1.33 to 66.7
Consequently, we used the H2 broad peak in order to mea
sure the background absorption at the O line.

When the background absorption is present, the abs
tion I A measured at 130.2 nm is given by

I A5
(x51

3 * axf 1~n!@12exp$2axk0f 2~n!2kBA%L#dn

(x51
3 * axf 1~n!dn

,

~1!

wheren is the spectral frequency,ax (x51 – 3) are the ratio
of relative intensities of the3S0–3P0 , 3S0–3P1 , and
3S0–3P2 lines, f 1(n) is the emission-line profile of the ligh
source,f 2(n) is the absorption-line profile of the plasma
be measured,k0 is the absorption coefficient at the cent
frequency due to the absorption of the O atom@so thatf 2(n)
is normalized to unity at center frequency#, kBA is the ab-
sorption coefficient due to the background absorption, anL
is the absorption path length. The value ofkBA is calculated
using the following formula:

kBA52
1

L
ln~12I BA!, ~2!

where I BA is the absorption coming from the backgrou
obtained employing the H2 line at 128.5 nm, as explaine
above.

B. Characteristics of O 2 MHCL line profile

In order to estimate the self absorption in the O2 MHCL,
we have measured the absorption intensities around 130
in an inductively coupled O2 plasma at a pressure of 2.7 P
a total flow rate of 100 sccm, and a rf power of 200 W
Figure 4 shows the absorption intensities around 130 nm
O2 ICP as a function of O2 partial pressure in the O2 MHCL.
The absorption intensity was almost constant in the O2 par-
tial pressure range up to 5.0 Pa. Then, the absorption in
sity decreased with further increasing O2 partial pressure in
the O2 MHCL. The self absorption in the lamp at high O2

pressure resulted in the decrease of the absorption inte
because it preferentially weakens the line intensity at

FIG. 3. The fraction of absorptions around 130 nm as a function of2

pressure in process chamber without plasma.
Downloaded 29 Oct 2006 to 133.6.32.11. Redistribution subject to AIP
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center of the emission line profile where absorption is stro
Therefore, the results shown in Fig. 4 indicate that the d
tortion of the emission profile due to self absorption in t
O2 MHCL could be negligible when the O2 partial pressure
in the MHCL is below 5.0 Pa. The emission of the O lin
from the lamp operating at O2 partial pressure of 5.0 Pa ha
an intensity level sufficient to be used as a light source
absorption measurements.

In order to estimate the O line emission profile of the O2

MHCL, the absorption intensity due to inductively couple
O2 plasma was measured as a function of rf power. The
profile can be determined by means of the comparison
tween the measured absorption intensity and the theore
absorption intensity as a function of plasma optical thickn
expressed bykL. The plasma optical thickness~or O atom
density in the plasma! varies with the rf power. In this study
a small amount~1%! of Ar gas was added to O2 gas in the
process chamber and the Ar emission intensity at 750.4
was measured in order to estimate the plasma optical th
ness. Here we assumed that the dissociation rate of O2 mol-
ecules, that is the O atom density in the plasma, is prop
tional to the Ar emission intensity, since the pressure in
plasma is constant. Figure 5 shows the measured absor

FIG. 4. The absorption intensity around 130 nm in an inductively coup
O2 plasma at pressure of 2.7 Pa, a total flow rate of 100 sccm, and rf po
of 200 W as a function of the O2 partial pressure in the O2 MHCL.

FIG. 5. The measured absorption intensities, the Ar emission intensity,
background absorption as a function of the rf power in probed plasma.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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3456 Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Nagai et al.
intensities at 130.2 nm, the Ar emission intensity, and ba
ground absorption~measured using H2 peak at 128.5 nm! as
a function of rf power in the plasma. The measured plas
conditions were maintained at a total pressure of 2.6 Pa
a total flow rate of 100 sccm. The O2 MHCL was operated a
a total gas pressure of 1 atm, O2 partial pressure of 5 Pa, an
a discharge current of 10 mA; under this condition, the s
absorption should be negligible as indicated in Fig. 4. Th
retical absorption intensity was calculated as follows. T
emission intensities of the three lines from the O2 MHCL are
calculated from the transition probabilityA; that is, the ratio
of relative intensities of the3S0–3P0 , 3S0–3P1 , and
3S0–3P2 lines is assumed to be 1, 0.618, and 0.195. He
population of lower levels, and therefore, absorption coe
cients at corresponding transitions, are assumed to fo
Boltzmann distribution. The absorption profiles of O ato
lines for the measured plasma are assumed to be Gau
profiles corresponding to the O atom temperature of 300
The emission line profiles for O2 MHCL are assumed to be
Voigt profiles, because the O2 MHCL is operating at high-
pressure discharge~1 atm! and the Lorentz broadening i
relatively large. The average absorption intensity for three
lines is evaluated for various values ofDnL /DnD in the
Voigt profiles, whereDnL is the Lorentz andDnD is the
Doppler width.DnD is determined by an O atom temperatu
of 300 K. Even if the fast excited O atoms with high tem
perature arising from dissociative excitation of O2 molecules
exist, they will be readily thermalized before they emit t
light because of high-pressure discharge~about 1 atm!. Fig-
ure 6 shows the calculated values of the average absorp
intensity due to the three O transitions as a function of
plasma optical thickness, where the plasma optical thickn
means the absorption coefficient multiplied by the absorp
length. The absorption intensity taken into account the ba
ground absorption as shown in Fig. 5 is repotted as a fu
tion of the Ar emission intensity, where the proportional
constant between the Ar emission intensity and plasma o
cal thickness is chosen so that the data points closely fit

FIG. 6. Calculated average absorption intensity for O resonance lines
function of plasma optical thickness for various values ofDnL /DnD . The
measured absorption intensity is plotted as a function of the plasma op
thickness, assuming that the Ar emission intensity is proportional to
plasma optical thickness.
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of the theoretical curves. As seen in Fig. 6, the points
well fitted by the theoretical curveDnL /DnD51.1. Thus, it
is reasonable to assume that the O emission lines from2

MHCL have a Voigt profile withDnL /DnD51.1. We have
estimated the influence of the temperature of the O atom
the estimation of absolute densities. Even if temperature
the O atoms in measured plasmas and in the O2 MHCL were
as high as 1000 K, the calculated O atom densities do
change twice.

C. Measurement of absolute O atom density

Using the VUVAS system employing the O2 MHCL
with the line profile parameter estimated above, we dem
strated the determination of absolute O atom density in
ductively coupled O2 plasmas. In addition, relative O atom
density has been obtained using the actinometry techniqu
small amount of argon~Ar! gas ~1%! was added to the O2
plasma. The relative O atom density was measured from
O emission intensities of 777.4 and 844.6 nm lines divid
by normalized Ar emission line~750.4 nm! intensity~divided
by Ar density!.

Figures 7~a! and 7~b! show the absolute O atom densi
measured by VUVAS and relative O atom density obtain
using the actinometry technique as a function of rf power
a pressure of 2.7 Pa, and O2 flow rate of 100 sccm. As shown

a

al
e

FIG. 7. ~a! Absolute O atom density from VUVAS measurement and~b!
relative O atom density obtained using actinometry technique as a func
of the rf power at a pressure of 1.3 Pa and O2 flow rate of 100 sccm.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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3457Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Measurement of oxygen atom density
in Fig. 7~a!, the absolute O atom density increased from
31012 to 431013cm23 when the rf power increased from 2
to 500 W. The dissociation fraction is estimated to be ab
6% at a rf power of 500 W. These absolute O atom densi
measured in this study are equal to the O atom density m
sured by neutral mass spectrometry in an ICP reported
viously elsewhere.23 On the other hand, relative O atom de
sities obtained using 777.4 and 884.6 nm emission li
increased slowly with the increase of rf power as shown
Fig. 7~b!. These two emission lines have different electro
impact excitation cross section of oxygen atom and exc
tion of oxygen atom by electron-impact dissociative exci
tion of molecular oxygen.8 It is known that the O atom
density obtained using the 884.6 nm emission line sho
behavior of exact density rather than that obtained using
777.4 nm emission line. However, the behavior of the ab
lute O atom density obtained from the actinometry techniq
using 844.6 nm, was consistent with that using 777.4
emission lines under our conditions. This consistency in
cated that the generation of excited O atoms by mean

FIG. 8. ~a! Absolute O atom density from VUVAS measurement and~b!
relative O atom density obtained using actinometry technique as a fun
of total pressure at O2 flow rate of 100 sccm and rf power of 100 W.
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electron-impact dissociative excitation of the O2 molecule
due to a high-energy electron would be small under our c
ditions. The behavior of the absolute O atom density de
mined using the VUVAS technique was also consistent w
that obtained from the actinometry technique using 84
and 777.4 nm emission lines. However, the increase o
atom density determined using the VUVAS technique diffe
from that obtained from the actinometry technique us
844.6 and 777.4 nm emission lines. This tendency was
ported in Ref. 24. This is because some assumptions of
nometry are not fulfilled under the condition of high
power.

Figures 8~a! and 8~b! show the absolute O atom densi
measured by VUVAS and relative O atom density obtain
using the actinometry technique as a function of total pr
sure in the process chamber at an O2 flow rate of 100 sccm
and rf power of 100 W. As shown in Fig. 8~a!, the absolute O
atom density increased from 131012 to 131013cm23 when
total pressure increased. The relative O atom density
tained using 777.4 nm and 884.6 nm emission lines a
increased with the increase of total pressure as shown in
8~b!. The behavior of absolute O atom density determin
using the VUVAS technique was also consistent with th
obtained from the actinometry technique using 844.6 a
777.4 nm emission lines.

D. Loss kinetics of O atoms in O 2 plasma afterglow

In order to clarify the loss kinetics of the O atom in O2

plasma, the decay of the O atom density in the O2 afterglow
plasma was measured, and the surface loss probability o
O atom on the stainless-steel wall was estimated. Figur
shows typical decay curves of O atom densities in on–
modulated O2 ICP at a pulsed rf power of 50 W~on period
33 ms, off period 67 ms!, pressures of 0.67–6.67 Pa, and
flow rate of 100 sccm. These decay time measurements w
carried out under the condition where the background
sorption was not observed. As is apparent in Fig. 9, the de
curves of the O atom density measured at various press
were well fitted with exponential functions, and the slope
the decay curve was steeper for the lower gas pressure.

on

FIG. 9. Typical decay curves of O atom density in on–off modulated2

plasma at rf power of 50 W and O2 flow rate of 100 sccm.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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Figure 10 shows the decay time constant of the O a
density as a function of pressure in O2 afterglow plasma at a
rf power of 50 W and an O2 flow rate of 100 sccm. The
decay time constant was increased with increasing O2 pres-
sure in the process chamber. Here, the loss mechanism
the O atom have been discussed. The possible loss me
nisms for the O atom are the removal by pump action,
gas-phase recombination, and the diffusion followed by w
recombination. The residence time under our conditions
230–2300 ms, and longer than the observed decay tim
Therefore, the pump action can be dismissed as a pos
loss mechanism. The relevant gas-phase reactions were
into consideration

~ I! O1O1M→O21M k52.1310230 cm6 s21,

~ II ! O1O1O2~1D!→2O2 k57.4310233 cm6 s21,

~ III ! O1O21O2→O31O2 k56310234 cm6 s21,

~ IV ! O1O3→2O2 k59310215 cm3 s21.

These reaction constants are too small to account for
observed decay times~the O3 density is taken to be 0.1% o
total density!.10 Therefore, the gas-phase recombinati
could be dismissed. Thus, diffusion followed by wall reco
bination would be the main loss mechanisms for the O at

The extinction of the O atom in the afterglow is given b

dN~O!

dt
52

N~O!

td
2krNn~O!N~x!, ~3!

whereN(O) is the O atom density,N(x) is the density of the
main reaction species with O atoms,td is the diffusion life-
time of the O atom, andkr is the reaction rate constant b
tween O atoms and reaction species. As shown in Fig. 9,
decay time constant of O atoms increases with the incre
of O2 pressure. The contribution of gas phase reaction to
loss reaction of O atoms is small as described above. Th
fore, the termkrNn(O)N(x) in Eq. ~3! is negligible. Solving

FIG. 10. The decay time constant of the O atom density as a functio
pressure in O2 plasma afterglow at rf power of 50 W and O2 flow rate of 100
sccm.
Downloaded 29 Oct 2006 to 133.6.32.11. Redistribution subject to AIP
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this rate equation, we have obtained a single exponen
function for the decay of O atom concentration in afterglo
plasma

N~O!5N0~O!exp~2t/td!, ~4!

whereN0(O) is the initial density of O atoms. Therefore, th
measured decay time constant corresponds to thetd . This
lifetime is well represented by the following equation:

td5
pL0

2

D
1

2l 0~22a!

na
, ~5!

wherep is pressure,D is the diffusion coefficient for O at-
oms in O2, L0 is the geometrical diffusion length dete
mined by the chamber structure@L0

225(p/L)2

1(2.405/R)2: in the present study, heightL is 30 cm and
radiusR is 20 cm#, l 05V/S with the volume (V) band sur-
face area~S! of the chamber, andn is the velocity of O atoms
given by (8kT/pM )1/2 @T and M are temperature~300 K!
and mass of O atoms, respectively, andk is Boltzmann con-
stant#. a is the surface loss probability on the chamber wa
D was determined to be 2.93104 cm2 Pa/s. This value was
derived from theoretical calculation~at 300 K! to be by the
Chapman–Enskog theory with the Lennard-Jones inter
lecular potential.25,26 From this result, the surface loss pro
ability on the stainless steel wall was decreased from 0.1
0.022 with increasing O2 pressure. These results are almo
the same order reported.12 It has been reported that the su
face reaction probability has a strong function of discha
conditions such as power, pressure, and the presence o
bombardment. Moreover, the history of wall exposure to
active gases could play a significant role in altering the s
face reaction probability, even though the wall may nom
nally have the same composition.23

IV. DISCUSSION

We have developed a VUVAS system employing O2

MHCL and established a measurement method for abso
O atom densities in process plasmas. The self absorptio
the lamp was reduced by decreasing the O2 partial pressure
in the O2 MHCL below 5.0 Pa. The background absorptio
for O2 was evaluated employing the H2 broad peak, since the
absorptions using O line at 130.2 nm and H2 broad peak at
128.5 nm showed similar behavior in the pressure ra
from 1.33 to 66.7 Pa. The line profile of O2 MHCL was
estimated to be a Voigt profile withDnL /DnD51.1 at the O
atom temperature of 300 K by means of a comparison
tween the measured absorption intensity and the theore
absorption intensity as a function of rf power. This syste
has been applied to the determination of absolute O a
density in the processing plasma. Absolute O atom dens
in the O2 rf ICP were estimated to be on the order of
31012– 131013cm23, when the O2 pressure increased from
1.3 to 26.7 Pa at an ICP power of 100 W. The behavior
absolute O atom density employing the VUVAS techniq
was almost consistent with those obtained from the actino
etry technique using 844.6 and 777.4 nm emission lines. T
consistency indicated that the generation of excited O ato
by means of electron-impact dissociative excitation of the2

of
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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3459Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Measurement of oxygen atom density
molecule due to a high-energy electron would be small un
our conditions. Furthermore, the decay of the O atom den
in O2 afterglow plasma was measured. From this result,
decay curves of the O atom density were fitted well w
single exponential functions, and decay time constant
larger for the lower gas pressure. The main loss mechan
for the O atom would be diffusion followed by wall recom
bination. The surface loss probability on the stainless s
wall decreased from 0.1 to 0.022 with increasing2
pressure.
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Döbele, J. Appl. Phys.88, 6232~2000!.

9J. Amoorim, G. Baravian, M. Touzeau, and J. Jolly, J. Appl. Phys.76,
1487 ~1994!.

10E. J. Collart, J. A. G. Baggerman, and R. J. Visser, J. Appl. Phys.78, 47
~1995!.

11R. E. Walkup, K. L. Saenger, and G. S. Selwyn, J. Chem. Phys.84, 2668
~1986!.

12Angeliki D. Tserepi and T. A. Miller, J. Appl. Phys.77, 505 ~1995!.
13J. Matsushita, K. Sasaki, and K. Kadota, Jpn. J. Appl. Phys., Part 136,

4747 ~1997!.
14J. P. Booth, O. Joubert, J. Pelletier, and N. Sadeghi, J. Appl. Phys.69, 618

~1991!.
15S. Takashima, M. Hori, T. Goto, A. Kono, M. Ito, and K. Yoneda, App

Phys. Lett.75, 3929~1999!.
16S. Takashima, S. Arai, A. Kono, M. Ito, K. Yoneda, M. Hori, and T. Got

J. Vac. Sci. Technol. A19, 599 ~2001!.
17H. Nagai, S. Takashima, M. Hiramatsu, M. Hori, and T. Goto, J. Ap

Phys.91, 2615~2002!.
18S. Takashima, A. Kono, K. Yoneda, M. Hori, and T. Goto, J. Appl. Ph

90, 5497~2001!.
19K. Tachibana and H. Kamisugi, Appl. Phys. Lett.74, 2390~1999!.
20H. Ito, K. Teii, H. Funakoshi, M. Hori, T. Goto, M. Ito, and T. Takeo,

Appl. Phys.88, 4537~2000!.
21H. Okabe,Photochemistry of Small Molecules~Wiley, New York, 1978!.
22Y. Tanaka, J. Chem. Phys.20, 1728~1952!.
23H. Singh, J. W. Coburn, and D. B. Graves, J. Appl. Phys.88, 3748~2000!.
24Y. Kawai, K. Sasaki, and K. Kadota, Jpn. J. Appl. Phys., Part 236, L1261

~1997!.
25R. C. Reid, J. M. Prausnitz, and T. K. Sherwood,The Properties of Gases

and Liquids~McGraw–Hill, New York, 1977!.
26R. A. Svehla, NASA Tech. Rep. No. R-132, 1962.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp


